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Abstract 
The article describes the most common methods of DNA extraction. A mathematical model of two-phase unsteady working 
medium flow under the influence of the pressure difference through the cells with porous bodies in the vacuum DNA separation 
equipment was developed. A numerical study of the mathematical model was conducted and working characteristics of cells 
were obtained. The analysis of the calculated data was conducted. It was concluded that the model possibly applied to describe 
the working medium inequality flow through the multiple cells with different coefficients of porous bodies permeability. 
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1. Introduction 
Nowadays there are two most common diagnostic methods in molecular biology for the various diseases (such as 
diabetes, tuberculosis, sexually transmitted infections and other contagions): replication method in bacteria and the 
polymerase chain reaction (PCR) method [1]. The application of both methods is necessitating due to the pre-
extraction of DNA from the original structure of the material (sample). The cellular structure disruption, dissolving 
of the resulting mixture and solution purification from contaminations and various impurities are carried out in 
process. Phase of Development which carries out these operations is called the Sample Preparation. There are 
several methods of sample preparation used in laboratory routine which are generally divided into two groups: the 
method of liquid-liquid extraction (LLE) and the method of solid-phase extraction (SPE). DNA discrimination 
methods meet a number of requirements [2]: the lysis of biological material (sample cellular structure destruction), 
selective extraction, concentration from large volumes, the maximum PCR inhibitors components separation, DNA 
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and RNA separation, high output rate (the original target material minimum loss), the calibration and positive 
control possibility, contamination absence, small time required, the automation possibility. 
2. Methods of sample preparation 
Liquid-liquid extraction (LLE) is a traditional type of sample preparation, which is characterized by selective 
extraction, simple implementation and low cost. Extraction of DNA with LLE is based on the fact that the solute is 
distributed between two immiscible liquid phases. The main advantages of LLE are universality, simplicity, 
availability of equipment. Disadvantages: consumption of large amounts of toxic organic solvents, the complexity of 
the automation, the need for sample evaporation, high time costs. 
Solid Phase Extraction (SPE) is a simple extraction method, based on the separation of the target component 
using a sorbent [3].  SPE based on the principle when the sample solution passes through the cartridge or the 
cleaning plate is contacted with a sorbent and target compounds precipitate at this sorbent is separated from the 
byproducts and contaminants. Then the non-target components are removed by leaching, and secreted compounds 
elute (separated from the sorbent) and go into the purified sample. Currently SPE method is becoming increasingly 
widespread in the world due to the fact that it has the following advantages over LLE: high degree of extraction of 
desired compounds, high reproducibility, the selectivity and specificity, obtaining a maximum peeled samples, 
significant reduction of time of sample preparation, the ability to automate process, ease of use, reduction of use of 
expensive solvents. 
SPE method by physical implementation divides into the following methods: separation method in the 
gravitational field (MGF), a method of magnetic separation (MS) and a method of vacuum separation (MVS). MGF 
requires the use of centrifugation operations, so it is difficult to automate, and it is associated with high time-
consuming. MS Method is widespread and efficient; however, to isolate a large number of samples it is more 
laborious than MVS in the case if both methods are automated.  
3. Research problem 
Spreading of MVS is constrained by the fact that today a few problems related to the efficient automation of the 
method have not been decided. One such problem is the elimination of the unevenness of quality of prepared 
samples. The uneven quality of the samples are associated with the principle of working processes in the equipment 
that implements the MVS. During the study of the possibility of solving this problem and workflow methods the 
mathematical model of working processes in device, whose operation is based on the MVS (the installation of 
vacuum separation) was developed. This model is fully described in [4]. However, it describes the steady flow of 
working fluid in the cells but does not allow exploring the dynamics of this process. 
The purpose of the work is to develop a mathematical model of unsteady workflows of the installation of vacuum 
separation (IVS), their numerical study and obtaining working characteristics of purification plate cells 
corresponding to the inequality of flow in workflows. 
4. Mathematical model 
The object of this study is a standard 96 well clear plate in which the binding of DNA on sorbent occurs. The 
basic workflow in IVS is a flow of working medium (mix of gas and liquid) through cells of purification plate due to 
pressure difference in which porous bodies are contained. As computational model is selected area comprising four 
cavities cells located next to each other, and a small area of the vacuum chamber, located near the lower parts of the 
cells. Each cell is numbered as shown in Fig. 1. Selected area for each cell is described as follows (Fig. 1): Ω1 is 
region of the working medium source; Ω2 is primary phase flow region of the working environment; Ω3 is porous 
area of the body; Ω4, Ω5 are secondary phase flow regions of the working environment; Ω6 is pumping region. Areas 
Ω5 Ω6 are identical for all four cells. S12, S23, S34, S45, S56, S2T, S3T, S4T, S5T are the boundary between the provinces 
or regions and the environment. 
374   A.S. Pugachuk et al. /  Procedia Engineering  152 ( 2016 )  372 – 379 
 
Fig 1. (a) calculated area with the numbers of cells; (b) an axial section of a calculated mathematical model of the cell. 
 
The mathematical model consists of two types of settlement areas: the phase and the area of the porous body. 
Each type of settlement areas corresponds to the different dependencies, describing the motion of the working 
medium in them. The area of the cell over the porous body Ω2 and the area under the porous body Ω4, Ω5 are phase 
regions. Ω3 region is the region of the porous body. Areas of the working medium Ω1 and pumping zone Ω6 are not 
included in the settlement area, and needed only to determine the boundary and initial conditions. 
Sizes of porous bodies in the existing purification plates may be different. The parameters of the porous region: H 
is the height of the porous body, D is diameter of the porous body more bases, d is diameter of the smaller base of 
the porous body. Example illustrates the initial conditions for the distribution of liquid and gas phases. Part of the 
area Ω2 is filled with liquid phase. The liquid level is determined by the height h. 
Accepted assumptions of the mathematical model: 
x Isothermal flow. 
x Newtonian incompressible fluid. 
x The gas has a constant density. 
x The porous body material is isotropic. 
x The flow regime of the working environment is laminar. 
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The mathematical description of the two-phase flow of the working medium in the IVS is carried out by the main 
settlement dependences in the porous body and the phase region. The Volume of fluid method (VOF) was chosen 
for phase region as the most productive and robust calculation method. 
Calculated equations to the phase region: 
1. The Navier-Stokes equation with taking into account the compressibility phase [6]: 
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   is VOF-function, the relative volume occupied by phase. 
2. The continuity equation medium flow: 
0.iu   
                                                                                                              (3) 
3. Equations VOF-model, described in detail in [7]. 
Calculated equations to the area of the porous body: 
1. Darcy equation describing the motion of a solid two-phase medium in a porous body depending on the 
differential pressure [8]: 
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where the ui is the speed of the i-th phase, pi is the pressure of the i-th phase, of Si is the saturation of the i-th 
phase, the k is absolute permeability, ( )iik Sc is relative permeability,  ρi  is the density of the i-th phase. 
The relative typical permeabilities for gas and liquid are presented in [9] and taken as a basis for the 
mathematical model. 
2. The continuity equation medium flow: 
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t
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3. The equation of total saturation 
1 2
1S S  
                                                                                                             (6) 
4. The equations for capillary pressure [10] 
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where S1, S2 are saturation of liquid phase (water) and gas (air), p1 is pressure of wetting phase (liquid), p2 is the 
pressure of the non-wetting phase (gas), 
1
( )
c
p S is the capillary pressure, J (S1) is Leverett function, σ is factor 
surface tension; θ is contact angle; m is void ratio. Leverett function is an unequivocal function of the liquid phase 
saturation does not depend on viscosity and filtration rate of the working medium. Leverett function value 
determined from the relationship given in [10]. 
The mathematical model is supplemented with initial and boundary conditions, determined by the decision of 
systems underlying the model equations. 
Initial conditions: 
The distribution of phases, pressure, velocity at the initial time: 
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where H c is coordinate of the lower liquid level, h is coordinate of the upper level of the liquid, pa is atmospheric 
pressure. 
Boundary conditions: 
• At the entrance to settlement area: 
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• At the exit of the settlement area: 
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• At the internal boundary: 
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• On the external boundary: 
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Where pv is pressure in the vacuum separation unit, pu is the speed of the working fluid flow created by the pump 
at the outlet of the vacuum separation unit. 
5. Results of modeling 
The solution of the mathematical model was carried out using the method of control volumes, so the 
computational area was divided into many control volumes, forming a so-called "mesh". In the region directly under 
the control cells are smaller volumes more accurately determine the phase distribution in the area. 
Before the start of the calculation parameters are determined by the following initial and boundary conditions: the 
lower and upper levels of the working environment in the cells H = 4 mm, h = 11.5 mm (the initial volume of liquid 
corresponding to 100  μl),  pа = 101.3 kPa, pv = 86.3  kPa, the ratio of the porosity of the porous body, the contact 
angle, the coefficients of the porous body, respectively permeability of cells №1, №2, №3, №4: 12 2
1
7.95 10 mk   ,
12 2
2
7.41 10 mk   , 12 2
3
5.33 10 mk   , 12 2
4
2.43 10 mk    defined in [5]. As the operating environment 
characteristics model introduces the characteristics of air and water under normal conditions. Hydrodynamic 
characteristics of DNA solution similar to the hydrodynamic characteristics of the water, because the amount of 
DNA and other proteins in the solution is relatively small compared to the volume of water. 
The simulation was performed using modern software complexes with a time step Δt = 10-4 s to the time at which 
the cell №4 will be empty. In Fig. 2 as an example of the calculation results are the phase distribution and the 
distribution of velocities at time t = 0.07 s. 
 
 
Fig. 2. (a) distribution of the liquid and gas phases calculated at time t = 0.07 s; 
(b) the velocity distribution of the outlet cells calculated at time t = 0.07 s. 
 
Cells operational characteristics were obtained in consequence of calculation – the dependence of liquid flow QL 
(feed solution) passing through the cell versus time. The flow rate QL is calculated on the surface of the output S45 
from a cell. These characteristics for the cells №1 and №2 are presented in Fig. 3. 
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Fig. 3. (a) working characteristic of the cell №1; (b) working characteristic of the cell №2. 
By analyzing and comparing the data it is concluded that the model allows us to describe the inequality of flow of 
working medium for a few cells with different coefficients of permeability of the porous body. Because of the 
smaller flow through the cell №2 initial volume of fluid moves through it during the time from t=0.56 s, while 
through the cell during №1 t=0.51 s. In the final stage of the displacement liquid flow of the cell increases 
dramatically. This is because the liquid is completely out of the porous body, and its resistance of movement 
decreases abruptly. The values obtained for the working medium costs with relative error not exceeding 19% 
correspond to the experimental values of the costs obtained in [5]. 
6. Conclusion.  
A mathematical model of two-phase unsteady motion of the working medium through the cells with porous 
bodies in the IVS was developed, which allows simulating the uneven flow of working processes and determining 
the dynamic change of phase, pressures and velocities in the workspace units for sample preparation. Numerical 
study of the working processes in the four cells of IVS allowed evaluating the inequality of flow of DNA solution 
and determining the performance of the cells. The developed mathematical model can be used to create new 
equipment for DNA extraction, whose operating principle is based on the method of vacuum separation. 
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